For the attitude tracking control problem of reentry reusable launch vehicle in reentry phase, a disturbance observerbased sliding mode controller is proposed in this article. At first, attitude model is decomposed into two loops on the basis of the engineering backgrounds of reusable launch vehicle and the multiple time-scale technique. Then, external disturbances and uncertainty are estimated by the disturbance observer, and sliding mode control scheme in the framework of backstepping technique is designed where sliding surfaces and sliding mode controllers are, respectively, designed for each loop. Based on Lyapunov stability theory, finite-time stability analysis is presented, in which attitude tracking error converges to the neighborhood around zero in finite time. Finally, simulations on the 6-degree-of-freedom reentry model are done to show the effectiveness of the proposed control scheme.
Introduction
Aerospace technology plays more and more important role in promoting the development of a country, and it is very attractive for the development prospect of aircraft. Reusable launch vehicle can be recovered and reused after each mission to dramatically reduce the cost of accessing space, and it has received a lot of attention in recent years. Reentry phase of the reusable launch vehicle (RLV) plays a very important role during the whole flight process. In this phase, because aircraft follows a predefined trajectory toward the designated landing point, traveling from space to the dense atmosphere of earth, RLV is subject to high levels of uncertainty and variations in key flight parameters. Thereby, it is critical for designing advanced guidance and control technologies to make the safety, reliability, and cost requirements of RLV. When the trajectories of RLV are designed, the prime focus is the heating constraint of the hypersonic phase. 1 And then the main task of reentry guidance is the on-board correction of flight path to compensate for disturbance and model uncertainty, where the effective guidance law is developed to provide the commanded angle of attack (AOA) and bank angle. To proceed, the next concern is the attitude tracking controller design. It is challenging for the attitude tracking controller design of RLV in reentry phase, 2, 3 since the altitude and Mach number vary from atmospheric entry at hypersonic speed to subsonic approach and landing, the dramatical changes of aircraft dynamics. There is much research on attitude control system design, 4 backstepping control, 5, 6 sliding mode control (SMC), 7, 8 trajectory linearization control (TLC), 9 ,10 dynamic inversion technique (DI), 11, 12 state-dependent Riccati equation strategy (SDRE), 13, 14 and theta-D control. 15, 16 Besides, the concern of this work is to propose attitude control scheme to achieve the stable tracking of attitude angle's guidance command. The flight control design for RLV is complex due to enormous amount of model parameter uncertainties, large external disturbances and complex path constraints exist during the reentry phase such as heating rate, structural loads and dynamic pressure. All the factors should be handled carefully for the safety of the reentry flight. The uncertain and highly nonlinear nature of its dynamics make the controller design difficult. Taking model uncertainties and large external disturbances into account reduces the flight control problem of RLV more complex. It should be pointed out that the control system of RLV is required to have robustness to tackle uncertainty for the sensitivity changes of flight conditions, uncertain aerodynamic characteristics, and highly nonlinear nature.
As we know that SMC is an effective approach to deal with parametric uncertainty and external disturbance, 17, 18 it has been applied in the flight control design of hypersonic vehicle. 19 In Wang et al., 19 the second-order dynamic SMC scheme is designed for the tracking control problem of underactuated hypersonic vehicle. After the model is divided into the minimum phase subsystem and the nonminimum phase subsystem, the conventional SMC and the second-order dynamic SMC scheme are developed, respectively, for those two subsystems. Although the nonminimum phase problem is considered, the uncertainty and disturbance are not considered. In Wang et al., 19 fuzzy terminal SMC scheme is developed for the near-space hypersonic vehicles. For the slow loop (attitude angle dynamic system) of the model, fuzzy variable domain control scheme is developed based on terminal sliding mode surface, the corresponding designed control scheme makes the attitude tracking error converges to zero. However, when the SMC is used, stability analysis is based on the known upper bounds of the uncertainties that may not be easily obtained in practical implementation, and it is an important clue to SMC.
What should be pointed out that the sign function of traditional SMC induces chattering problem which is the result of that the switching gain of sign function must be chosen larger than the bound of uncertainty. There are two main methods to alleviate the chattering problem, one is to replace the sign function with a continuous function, 20 where the disturbance rejection performance may be sacrificed to some extent. Another is to employ disturbance observer (DOB) to estimate the disturbance, the DOB technique was first proposed by Ohishi et al., 21 and it has received increasing amount of attention in the flight control design. [22] [23] [24] Especially, it has been combined with SMC to design controller for the hypersonic vehicle. [25] [26] [27] In Wang et al., 25 based on DOB, adaptive sliding mode backstepping attitude controller is designed for entry reusable launch vehicles, and the asymptotical tracking performance is obtained. Besides, in Sagliano et al. 26 and Xu et al., 27 the tracking controller for the longitudinal equations of motion of hypersonic vehicle is designed. In Sagliano et al., 26 the sliding mode observer-based sliding mode controller is proposed for the longitudinal equations of motion of an unpowered entry vehicle, where the DOB is the extended sliding mode observer and the controller is higher order sliding mode controller that needs input/ output feedback linearization of longitudinal equations. But in our article, the sliding mode controller is designed without input/output feedback linearization. In Xu et al., 27 DOB-based neural-adaptive commandfiltered backstepping controller is designed for the longitudinal equations of motion of hypersonic vehicle, where neural network (NN)-based DOB is employed to deal with the compounded uncertainty at the level of control design. The adopted DOB in our article does not use NNs, which is different from Xu et al. 27 Moreover, uncertain inertia matrix and external disturbance may also reduce the accuracy of the control system, and they should not be ignored during the control system design. It is not hard to only handle one of the above problems with some control approach, but once all the above factors are considered, the situation will be hard to deal with. Therefore, it is necessary to focus on the attitude tracking control problem with the simultaneous consideration of uncertain inertia matrix and external disturbance. Furthermore, since the attitude dynamics of RLV are highly nonlinear, the problem of how to design a high-precision finite-time attitude control law is a challenging work.
As aforementioned, the finite-time attitude tracking controller is proposed for RLV in reentry phase in the presence of uncertain inertia matrix and external disturbance. The difference of this article from previous work 28 and the main contribution is concluded as follows. In this article, based on the combination of backstepping control, SMC, and DOB, an finite-time attitude controller is designed for RLV with model uncertainty and external disturbance taken into account, while the attitude controller is designed on the basis of combining SMC and adaptive backstepping control in Zou et al. 28 At first, rather than design a filter in Zou et al., 28 the time derivative of virtual control input is taken as uncertainty to avoid ''explosion of terms'' problem inherent in backstepping control design procedure, which makes the controller design more simple. To sequel, to alleviate chattering problem of the traditional SMC, a DOB is used to estimate the lumped uncertainty in the design procedure of backstepping control, while in Zou et al., 28 adaptive law is used to estimate the unknown norm bound of the lumped uncertainty. At the same time, the disturbance rejection performance of closed-loop system can be maintained at the same time.
The outline of this article is as follows. Section ''RLV model and COM'' introduces the attitude model and control-oriented model (COM) of RLV, which are subsequently being used in simulation, controller design, and stability analysis. Then, in section ''DOBbased finite-time control design'' the DOB-based SMC scheme and stability analysis of the closed-loop system are given. In section ''Simulation results'' the effectiveness of the proposed scheme is evaluated via simulation. Finally, conclusions are given in section ''Conclusion.''
RLV model and COM
During the reentry flight process, RLV dynamic is modeled as a 6-degree-of-freedom (6-DOF) motion which is composed of translational motion and rotational (attitude) motion. And the translational motion is used for generating trajectory and designing guidance law, where the equations of translational motion can be referred to. 29 Since our focus is the control scheme design, the translational equations of motion are not introduced herein. The attitude control design is mainly based on the rotational equations of motion. The attitude equations of motion are given as follows. 30 Attitude model where states a, b, m, p, q, and r, respectively, represent AOA, sideslip angle, bank angle, roll rate, pitch rate, and yaw rate. M x , M y , and M z are rolling moment, pitching moment, and yawing moment, respectively.
Besides, f, u, g, and x are the states of translation equations of motion and they are latitude, longitude, flight path angle, and heading angle, respectively. O E is the Earth angular speed.
RLV COM
As shown in equations (1)- (6), the states are coupled with the states of translation of motion, that is, there is complex coupling between the translational and rotational dynamics. To design controller simply, the COM is developed. Inspired by Wang et al., 31 the following COM can be obtained
Here, v = (p, q, r) T and Y = (a, b, m) T are attitude angle vector and attitude angular rate vector, respec-
T is the control input vector. DD 1 is the uncertain vector induced by model 
The control objective of this article is to design controller for COM (equations (7) and (8)) to assure that attitude angle Y = (a, b, m)
T tracks its guidance com-
T in the presence of model uncertainty and external disturbance, that is, lim 
DOB-based finite-time control design
From the backgrounds of RLV, we know that the change rate of the attitude angular rate is faster than that of attitude angle during the flight process, so it is reasonable to decompose the COM into fast loop (attitude angular rate loop) and slow loop (attitude angle loop). Then, by combining DOB with SMC, the controller is designed for each loop, where the DOB is applied to estimate the lumped uncertainty. The proposed DOB-based sliding mode attitude flight control structure for RLV is presented in Figure 1 . In what follows, the virtual control input and the actual control input are designed.
Attitude angle loop control design
In this section, the virtual control input is designed for the attitude angle loop (equation (7)). Although SMC has strong robustness for the nonlinear system with external disturbance, the switching gain of SMC needs to be selected large enough to cope with the disturbance if the bound of disturbance is not precisely estimated, which results in the chattering problem. In order to attenuate this problem, the nonlinear DOB technique is used to estimate the lumped disturbance. Define the attitude angle tracking error as
where Y c is the guidance command provided by the guidance system. Motivated by Ginoya et al., 32 the following sliding surface based on equation (9) is designed
Here, a 1 .0. The derivative of equation (10) with respect to time along equation (7) is
Here, the expression of lumped uncertainty d 1 is
where the attitude angular rate error signal e v is
and v c is the reference commands of the attitude angular rate loop. Before the controller design and stability analysis, the following assumption is made for the d 1 from the view of the backgrounds of RLV.
Assumption 1.
There is an unknown constant h 1 .0 such that d 1 k k h 1 . The estimation error is defined as Figure 1 . Structure of DOB-based sliding mode control. 
It can be obtained that the estimation error of DOB (equation (15)) converges to a small neighborhood around zero if the parameters l 10 , l 11 , l 12 , and l 13 are chosen appropriately to make the coefficients of equa-
1 + l 10 = 0 satisfy the Hurwitz stability. 33 And the small neighborhood is
Here
T , and l 1 .0 is the random small parameter. Then, based on equations (11) and (15), the virtual control input is designed as
where k Y .0. Thus, equation (11) can be simplified as
Here, the generalized proportional integral (GPI) observer proposed in Sira-Ramı´rez et al. 33 is adopted as a DOB (equation (15) 
Here, e 11 andŶ are the estimation error and estimate of Y. b 11 and b 12 are the observer parameters, and the function fal is fal(e 11 , l 1 , e 1 ) = e 11 j j l 1 sgn(e 11 ), e 11 j j.e 1 e 11 =e
Remark 1. The differences of ESO and GPI observer are concluded as follows. ESO has linear and nonlinear forms, and it can be regarded as both state and DOB.
But it only has a first-order extension, that is, one integrator to estimate the disturbance. 34 GPI observer is featured as a higher dimensional extension; 35 therefore, it has a better estimate performance on disturbances than that of ESO. What's more, for the perturbed differentially flat nonlinear systems with measurable flat outputs, GPI observer is the most naturally applicable to the control design. 36 If d 1 is estimated by the DOB developed in Sira-Ramı´rez et al., 37 then the expression of DOB is as followŝ
The difference between the DOB of this article and that of Sira-Ramı´rez et al. 37 is shown as following Remark 2.
Remark 2. First, these two DOBs (equations (15) and (21)) can estimate the disturbance effectively with the bounded estimation error which can be adjusted by tuning the observer parameters. Second, equation (15) can play as a state observer and a DOB, while equation (21) is only a DOB. Third, compared with equation (21) that is a first-order extension, equation (15) is a higher order extension, thus it has a better estimate performance to some extent. And equation (21) has a simpler structure than that of equation (15), which induces that equation (21) may have more application ability than that of equation (15) . Third, equation (21) is influenced by the designed virtual input control v c more deeply than that of equation (15), since equation (21) is not only related to v c but also related to tracking error e Y .
Attitude angular rate loop control design
In this section, finite-time controller is designed for attitude angular rate loop (equation (8)) on the basis of attitude angular rate error signal (equation (13)) and control input (equation (17)).
A sliding surface for attitude angle rate loop based on attitude angular rate error signal (equation (13)) is designed as
Here, a 2 .0.
The derivative with respect to time along equation (13) is
where the lumped uncertainty d 2 is
The following assumption is made for d 2 .
Assumption 2.
There is an unknown constant h 2 .0 such that d 2 k k h 2 . The estimate of d 2 isd 2 , and the estimation error is defined as
where the estimated 2 is provided by the following DOB
It can be obtained that the estimation error of DOB (equation (26)) converges to a small neighborhood around zero if the parameters l 20 , l 21 , l 22 , and l 23 are chosen appropriately to make the coefficients of equa-
2 + l 20 = 0 satisfy the Hurwitz stability. 38 And the small region is
Here,d 2 = (e d 21 , e d 22 , e d 23 ) T , and l 2 .0 is the random small parameter. Based on the DOB, the control input is designed as
Substituting equations (28) and (29) into equation (23), it becomes
Remark 3. The advantage of DOB-based controller compared with other robust controller is as follows. The DOB can be taken as a ''patch'' for the existing controller to improve the robustness and disturbance attenuation after the base-line controller is designed referred to the existing procedures. That is to say, there is no need to employ a complete new and different control strategy which demands a new verification and certification process. And the verification of DOB-based controller can be developed on the basis of the existing verification process to assure safety and reliability. What's more, DOB-based controller is not a worst case-based design, while most of the existed robust control approaches are worst case-based design that has been criticized as being ''over-conservative'' where promising robustness is achieved at the price of the degraded nominal performance. For DOB-based control approach, the nominal performance of the baseline controller is recovered without disturbances or uncertainties.
In the next section, the stability analysis for the closed-loop system is carried out in the framework of Lyapunov stability theory.
Stability analysis
In this section, under the designed control scheme in the above section, stability analysis of the closed-loop system is presented by the following theorem. Theorem 1. Consider the COM (equations (7)and (8)), satisfying Assumptions 1 and 2, under the control inputs (equations (17) and (28)) and DOBs (equations (19) and (26)), the sliding state reaches to an arbitrarily small neighborhood around zero (ASNZ) in finite time, and the attitude tracking error can be assured to converge to an ASNZ.
Proof. The proof contains three parts. The first part is the reachability analysis of the first sliding surface s Y . The second part is the reachability analysis of the second sliding surface s v . And the third part is the stability analysis of the tracking error e Y .
1. The reachability analysis of the first sliding surface.
Choose the Lyapunov function for the first sliding surface as
Then, from equation (18), we can obtain
Referred to Bhat and Bernstein, 38 we can obtain that the sliding state s Y converges to a neighborhood around zero in finite time, and the neighborhood is
where
From above equation (34), we can obtain that if the parameters l 1 , k Y , and j 1 are chosen appropriately, then z 1 is small enough, which result in that the sliding state converges to an ASNZ in finite time.
2. The reachability analysis of the second sliding surface.
Choose the Lyapunov function for the second sliding surface as
From equation (30), we can obtain
The following analysis includes two cases: (a) s vi j j.e i and (b) s vi j j e i :
(a) If s vi j j.e i , then equation (36) yields
As long as
2 , that is to say, sliding surface converges to a neighborhood around zero in finite time, and the neighborhood is
From above equation (38), we can obtain that if the parameters l 2 , k v , k 2 , and z 2 are chosen appropriately, then z 1 is small enough, which results in that the sliding state converges to an ASNZ in finite time.
where e = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi P 3
2 . Therefore, sliding surface s v converges to neighborhood around zero in finite time, and the neighborhood is
From above equation (40), we can obtain that if the parameters l 2 , k v , k 2 , and j 3 are chosen appropriately, then z 3 is small enough, which results in that the sliding state converges to an ASNZ in finite time.
3. Stability analysis of the tracking error e Y .
Choose the Lyapunov function for attitude tracking error e Y as
From equations (7), (9), and (30), we can obtain
Based on equations (12), (13), and (17), the above equation becomes
Substituting equation (17) into equation (43), and based on equation (10), it yields
As long as (32) can be rewritten as
Referred to Bhat and Bernstein, 38 we can obtain that the attitude tracking error e Y converges to a neighborhood around zero in finite time, and the neighborhood is
Remark 4. If the uncertainty DI and external disturbance Dd M are not taken into consideration, then the COM becomes
Since equation (47) is the same as equation (7), then the virtual control input (equation (15)) and DOB (equation (17)) are designed for equation (47).
Moreover, the actual control input (equation (28)) is designed for equation (48) and the same DOB expression (equation (26)) is designed for lumped uncertainty d
. The stability analysis is same to the case of uncertainty.
Simulation results
To test the efficiency of the designed DOB-based sliding mode controller in the previous section, numerical simulations are performed on the X-33 6-DOF model. The initial flight conditions of the aircraft are set as shown in Table 1 To evaluate the performance of the designed control scheme in coping with inertia matrix uncertainty and external disturbance. The following three cases simulations are done: 
And the controller parameters of case 2 are set as follows. k 1 = 2, k 2 = 10, a 1 = 3, a 2 = 10, l 10 = l 20 = diag(11 1), l 11 = l 21 = 5diag (1 1 1) ,
Simulation results of case 1 and case 2 are shown in Figures 2-6 , the local time history is also shown for the better demonstration of the dynamic process. It is obvious from Figures 2 and 3 that in both case 1 and case 2, under the designed control scheme, AOA, sideslip angle, and bank angle achieve the stable tracking of their respective guidance command in short time. And in case 1, the settling times for stable tracking of AOA, sideslip angle, and bank angle are less than 7, 4, and 4 s, respectively, which are almost equal to those of case 2. The time history of the sliding surfaces s a , s b , s m , s p , s q , and s r are given in Figure 4 . T are presented in Figure 5 , which shows that the adopted DOB achieves the good estimate for the lumped uncertainties at the level of control design. From Figure 6 , the control inputs of case 1 and case 2 are smooth, and the amplitudes in case 1 are larger than those of case 2 which caused by the presence of the model uncertainty and external disturbance. Besides, control inputs make the attitude angle achieve the desired tracking performance with no obvious steady state error and the small tracking errors during the whole reentry flight process. Simulation results of case 2 and case 3 are shown in Figures 7-9 . The following results are concluded. It is clear from Figures 7 and 8 that attitude angles follow their respective reference commands in both case 1 and case 3, and the settling times of case 1 are less than those of case 3. Moreover, the maximum absolute values of attitude tracking errors in case 1 are smaller than those of case 3. As can be observed from Figure 9 that the designed smooth control inputs in both two cases realize the stable tracking of the attitude angle reference commands in both two cases. But the maximum absolute values of the control inputs in case 1 are larger than those of case 3.
From above simulation results, we can conclude the advantage of the designed control scheme as follows. First, the designed control scheme has good robustness in handling uncertain inertia matrix and external disturbance, where no obvious steady state error exists and the tracking errors are small during the whole reentry flight. Second, by combining DOB and SMC, the designed controller achieve the faster stable tracking of Figure 5 . Time history of estimation errorsd 1 = (e d11 , e d12 , e d13 )
T andd 2 = (e d21 , e d22 , e d23 ) T in case 1 and case 2. guidance commands than that of RABC under the same influence of uncertain inertia matrix and external disturbance. And the tracking precision of the design controller is higher than that of RABC.
Conclusion
The attitude tracking control problem of RLV in reentry phase is investigated in this article. At the presence of external disturbances and model uncertainties, the designed DOB-based SMC scheme makes the attitude angles achieve the stable tracking in finite time, where the sliding state reaches to ASNZ in finite time, and the tracking error converges to the ASNZ in finite time.
Besides, at the level of control design, the DOB technique estimates the lumped uncertainty effectively.
Compared simulation results evaluate the effectiveness of the proposed control strategy.
